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HS(CH 2)10CH 20H, and HS(CH2 )21CH2OH. The thickness and the

compositions of these SAMs were established by X-ray photoelectron

spectroscopy (XPS). As is observed with self-assembled

alkanethiolate monolayers on gold, the composition of the

monolayers parallels but does not equal the solution composition.

Less pronounced differences are observed between compositions in

solution and on the surface on silver than have previously been

reported on gold. Rates of exchange of surface thiolates with

thiols in solution are similar on silver and gold. This
(

similarity suggests that the differences between the compositions

of the mixed SAMs formed from solutions having the same

composition by adsorption on silver and gold are due to factors

important during the initial formation of these monolayers, rather

than during their subsequent equilibration. Although mixtures of

thiols are probably not adsorbed in a completely random fashion on

silver, no evidence could be found for the formation of discrete,

separate phases on the surface (i.e. islands). Measurements of

surface wettability (via contact angle measurement with water and

hexadecane) exhibit departures from Cassie's expression indicating

appreciable disorder in the hydrocarbon chains at the

monolayer/liquid interface. The wettability of SAMs on silver by

water and hexadecane were similar to those formed on gold having

the same composition.



REVISED

Comparisons of Self-Assembled Monolayers on Silver and

Gold: Mixed Monolayers Derived f rom HS (CH 2 ) 2 1 X and

HS(CH2 ) 1 0 Y (X, Y = CH3 , CH2OH) Have Similar Properties. 1

Paul E. Laibinis*, Marye Anne Fox§, John P. Folkerst, and George M.

Whitesides**

Department of Chemistry

Harvaz-d University
A ~

Cambridge, Massachusetts 02138 ilgi

IJ .1.I

and

Department of Chemistry A voi nl4 1 Coi.y

University of Texas at Austin ~al~d.

Austin, Texas 78 712-11671

*Harvard University

§University of Texas at A.,stin



2

Abstract

This paper describes the preparation of self-assembled

monolayers (SAMs) by adsorption of alkanethiols on evaporated

silver, and compares these SAMs with analogous SAMs prepared on

gold. The work concentrated on SAMs derived from mixtures of

alkanethiols having long and short chains and terminating in

hydrophobic and hydrophilic tails: HS(CH2) 10CH3 , HS(CH2 )21CH3 ,

HS(CH2)10CH2H, and HS(CH2 )21CH20H. The thickness and the

compositions of these SAMs were established by X-ray photoelectron

spectros opy (XPS) . As is observed with self-assembled

alkanethiolate monolayers on gold, the composition of the

monolayers parallels but does not equal the solution composition.

Less pronounced differences are observed between compositions in

solution and on the surface on silver than have previously been

reported on gold. Rates of exchange of surface thiolates with

thiols in solution are similar on silver and gold. This

similarity suggests that the differences between the compositions

of the mixed SAMs formed from solutions having the same

composition by adsorption on silver and gold are due to factors

important during the initial formation of these monolaye.j, rather

than during their subsequent equilibration. Although mixtures of

thiols are probably not adsorbed in a completely random fashion on

silver, no evidence could be found for the forma*tion of discrete,

separate phases on the surface (i.e. islands). Measurements of

surface wettability (via contact angle measurement with water and

hexadecane) exhibit departures from Cassie's expression indicating

appreciable disorder in the hydrocarbon chains at the
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monolayer/liquid interface. The wettability of SAMs on silver by

water and hexadecane were similar to those formed on gold having

the same composition.
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Introduction

This paper describes methods of controlling the wettability and

thickness of thin organic films (self-assembled monolayers, SAMs2 )

adsorbed on silver. These SAMs were derived from solutions

containing mixtures of two alkanethiols, one having a chain length

longer than the other. We have previously described our studies

of these systems adsorbed on gold.3-5 Here we extend these studies

to SAMs on silver and contrast the properties of these films with

those formed on gold. Alkanethiolate monolayers formed on gold

and silver have related but different structures; 6-9 they may

exhibit different macroscopic properties. Wetting is a property

that is sensitive to microscopic changes in composition,1 0-12

morphology,13 and functionality.2,14-17 In this paper, we examine

the response of wetting to the structural differences present in

mixed SAMs on silver and gold.

Long chain alkanethiols (HS(CH2 )nX) adsorb from solution onto

silver 6-9,14 and gold 14-2 3 surfaces and form oriented, densely

packed monolayers. On both gold and silver, the hydrocarbon

chains have been shown by polarized infrared external reflectance

spectroscopy (PIERS) to be largely trans-extended and highly

crystalline6-8,18,20 although both theory24 ,25 and experiment 6 ,20-22

indicate that gauche conformers exist and are concentrated at the

terminal C-C bonds. The monolayers are, however, structurally

slightly different: on gold,6,18 ,20 the axis of the hydrocarbon

chain is canted at an angle of ~28' relative to the surface

normal; 27 on silver, 6-9 the alkanethiolate chain is canted ~12 °

relative to the surface normal. The cant angles are believed to
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result from interchain spacings that are imposed on the monolayer

by the metal/sulfur lattice.6,28 The packing density of alkyl

thiolates is greater on silver than on gold, and a much lower

population of gauche conformers is present on silver at room

temperature than on gold. 6

On both silver and gold, a variety of tail groups can be

accommodated in the SAMs. 2 , 14 - 1 6 ,2 0 These surfaces can be

hydrophobic (Oa20  1150 for X = CH 3 , CF 3 ) or hydrophilic (aH20 <

15' for X = OH, CO2H, CONH2 ); intermediate values of wettability

can be obtained by employing tail groups of intermediate polarity

(for example, X = C02CH3 , Cl, CN) or by generating surfaces

composed of a mixture of hydrophobic and hydrophilic tail

groups. 12,14 We have recently compared the wetting properties of

SAMs on silver and gold derived from HS(CH2)nX and from mixtures of

HS(CH 2)11 CH3 and HS(CH2 )110H; we found no differences in wetting

that could be attributed to differences in the structure of the

SAMs. 14 The difference in the structure of SAMs of alkyl thiolates

on gold and silver has not yet been shown to cause a difference in

their properties.
29

The objective of this work was to search for such a difference

using a property -- wettability -- in a system in which wetting

has been demonstrated repeatedly to be sensitive to small

variations in the structure of the SAM at its interface with

liquid.3-5,30 The most sensitive system presently available --

SAMs derived from mixtures of two n-alkanethiols having different

chain lengths -- has allowed detection of changes in surface

composition and order by wetting.3-5 On gold, these systems do not
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form macroscopic islands (although they may form small phase-

separated clusters of thiolates on the same species) and appear by

IR spectroscopy to present a disordered structure at the solid-

vapor interface while the bulk of the underlying monolayer remains

crystalline.31

We examined mixed monolayers on silver derived from four

n-alkanetniols: HS(CH 2)IoCH3 , HS(CH2)10CH20H, HS(CH2)21CH3, and

HS(CH2)21CH2OH. We refer to these compounds, when components of

SAMs, by the termini of the shorter and longer thiols (for n = 10,

Sh = short; n = 21, Lg = long); for example, Sh = CH2OH/Lg = CH3

refers to monolayers derived from mixtures containing

HS(CH 2)1 0CH20H and HS(CH2 )21CH3. The differences in the chain

lengths and tail groups of the adsorbates provide easily

detectable differences in thickness and wettability. This paper

compares the wettability of mixed SAMs derived from mixtures of

these compounds on silver and gold, and uses these data to infer

comparative details of their structures.

The systems formed on gold are dynamic and the surface

composition of the monolayer increases in the longer alkanethiol

with continued exposure to the contacting solution.4,5 We

standardized our adsorption times (1 d) and concentrations (1 mM

as the sum of the concentrations of all thiols in solution) to

allow direct comparison with results obtained on gold under these

conditions. We also examined the surface compositions formed from

longer adsorption times. To allow analysis of differences in the

adsorption characteristics on silver and gold, we compared the
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rates of exchange of surface thiolates on gold and silver with

thiols in solution.

For the four sets of mixed monolayers studied, we reference both

the XPS and wetting data to compositions of thiols in solution,

since these compositions represent the primary experimental data.

We plot wetting data as cos 0 since cos 0 is linearly related to

the interfacial free energy by Young's equation32 (eq 1).

Yv- YsL
co s o S- ( )

YLV

We also compare the wettability of the monolayers with their

surface composition (Xn = surface mole fraction of component n).

Wetting, expressed as cos 0, has been related to the composition

of heterogeneous surfaces by Cassie1 0 (eq 2) and Israelachvili and

Gee11 (eq 3)

cos 0 = f1cos 01 + f2cos 02 (2)

(1 + cos 0)2 = f1 (1 + cos 01)2 + f2 (1 + cos 02)2 (3)

where fl and f2 are the fractional areas occupied by components 1

and 2, and 01 and 02 are the wetting properties of pure surfaces of

1 and 2. The adsorbates we employ can occupy different relative

areas of the surface and values of fn and Xn may be related but

different.

Methods

Determination of the Surface Composition of Two-

component SAMs. The ratio of alkyl thiolates in a mixed SAM is

often different from the ratio of thiols in the solution from
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which it was formed.3-5,12 ,14 To determine the surface composition

(Xn), we assume that the thickness (d) of a monolayer composed if

two alkyl thiolates is a simple weighted average of the

thicknesses of SAMs derived from the individual thiols (eq 4:

sh = shorter thiolate; lg = longer thiolate).

d = Xsh dsh + Xlg d1g (4)

Eq 4 assumes that the packing density of alkyl thiolates does not

change with surface composition; tail groups commensurate in size

with the polymethylene chain (e.g., CH 3 and CH2OH) should have no

effect on the packing density of the monolayer.2 0 We estimate the

surface composition by comparing the thickness of a mixed

monolayer to the thicknesses of SAMs derived from the individual

components (eq 5) .33

d - dsh
XLg dig - dsh

Relationship Between Thickness cf Alkanethiolate

Monolayers on Silver and In(C(1s)/Ag(3d)). Thicknesses of

SAMs have been estimated by a variety of techniques.34 For these

systems on silver, we find XPS to be a convenient and highly

reproducible method of estimating the thicknesses of the SAMs. We

estimate thicknesses comparing the intensity of peaks due to C(ls)

and Ag(3d) and relate these thicknesses to surface compositions

using eq 5. Figure 1 is a schematic illustration of an

alkanethiolate monolayer on silver. The XPS intensities of the

C(ls) and Ag(3d) peaks can be described by eq 6 and 7,



---------- *11,1-1-11-1-1-110,11- -------------- -------......................... 0 ... 0 ........................................................................................................... 0 .................................................................. 0 ..................................................... 0 .................................... 0 .................................................................... 0 ..........------------ 0 ............................................................................. 00 ---- 0 ...... 0 ---- * ..... 0 --------- *.......... 0-'..o ...................... 0 ........... 0 ............................................... : H y"'d 'r"oo'- * c* ... "r"b"* -o* ---.... * --------- --------------d.............. 0 ............... ................................................................... 0.0 ........................................ 0 ...................... 0 ........ 0 ...... 0................................. 0 ....................... 0 .................................. 0 ............................................. 0 .......... 00 ............ 0 .................... 0 ..... 0 .............. 0 ..................................... 0 ... 0 ................................ 0 ........................ 0 ....... ........ 0 ............................. 0....................................................... 0 .......0- ... 0 ................ 0 ................... 0 .................................................................................... 0 ....... 0 ............. 0 .............................. ;.; ----- 00 ......................... ;;;, I
S S S S S S S S S

No 
Silver

Figure 1. Schematic illustration of an n-alkanethiolate

monola-er adsorbed on sil-er.
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Cd = C.(le-d/X1 sin *) (6)

Agd = Ag.S(e-d/X2 sin 4) (7)

where Cd is the intensity of the C(ls) photoelectrons due to the

monolayer of thickness d; Agd is the intensity of the Ag(3d)

photoelectrons attenuated by the alkanethiol monolayer of

thickness d; C. and Ag. are the intensities of photoelectrons

(C(ls) and Ag(3d), respectively) expected for infinitely thick

layers of hydrocarbon and silver, respectively; d is the thickness

of the hydrocarbon portion of the monolayer; X, and X2 are the

attenuation lengths of photoelectrons due to C(ls) and Ag(3d)

through a hydrocarbon film, respectively -- we estimate these

parameters to equal 35 and 34 A, respectively; 35 0 is the ancle

between the analyzer and the surface (the take-off angle, here is

350); S is a term that corrects the silver signal for attenuation

by the adsorbed sulfur.

Taking the logarithm of the ratio of eq 6 and 7 yields eq 8

Cd ) d + 1n(1 - e - d/X l sin 0) + K (8)

Agd X2 sin 0

where the constant K = In(C./Ag.S) . The constant contains terms

that are dependent on instrumental parameters, and its value is

not important for our analysis. Eq 8 is composed of a term linear

in thickness and a term that remains approximately constant at

sufficiently high values of d to have a negligible effect on the

"slope" of the function. Figure 2 contains a plot of the function

given in eq 8 (K = 1.75) over the range of thicknesses 0 to 40 A;

experimental data are provided for comparison. The thicknesses of



0.1 I
I
I

SI I a /

0 10 20 30
Thickness (A)

Figure 2. Relation between XPS intensities of C(ls) and Ag(3d),

and thicknesses for n-alkanethiolate monolayers on silver. Values

of C(ls)/Ag(3d) are a function of instrumental parameters; trends

are important here. The dashed line displays the theoretical

relation given in eq 8 using K = 1.75. The thicknesses of the

hydrocarbon layer of the monolayers were estimated using eq 9.

The solid line represents a linear least-squares fit to the data

presented in the figure (R2 = 0.994) for monolayers prepared from

CnH2n+1SH (n = 11 - 22)
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the hydrocarbon portion of the n-alkanethiolate monolayers were

estimated by eq 9

d = 1.27ncos ( (9)

where 1.27 A is the incremental length per methylene in a trans-

extended hydrocarbon chain (a value derived from X-ray data for

paraffins), 36 n is the number of carbons in the alkanethiol, and a

is the angle the hydrocarbon chain is canted relative to the

surface normal = 1 2 0 by IR. 6- 9

In this study we have employed materials that vary from 11 to

22 carbons in the length (or -14 to 27 A in the thickness) of the

hydrocarbon layer. From Figure 2, the relation (eq 8) between

ln(C/Ag) and thickness for thicknesses varying between 14 ani 27 A

is virtually linear in accord with experimental data. We thus

assume that the midpoint in surface composition -- which would

presumably be midway in thickness between the two extremes -- can

be estimated from the midpoint of values of ln(C/Ag).

The systems that we study here, like all previously reported

studies of mixed monolayers, 4 ,5 are not at thermodynamic

equilibrium. Where thermodynamic equilibrium lies in these

systems remains an important unresolved question, and we have

begun studying the factors -- tail groups, chain lengths, metals,

adsorption times, solution concentrations -- that may influence

its value. We find that a useful metric against which to compare

data from these systems is the ratio of the components in solution

(Rsoln = [Sh]soln/[Lg]so1 n) required to generate a SAM composed of

an equimolar mixture of the two components (RSAM = [Sh]sAM/[Lg]SAM
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S1). We present data here in this fashion and compare them with

adsorption data obtained on gold under similar conditions.

Results

SAMs on Silver Derived from Different Length

Alkanethiols Terminating in Different Functional Groups:

Sh = CH3/Lg = CH20H and Sh = CH2OH/Lg = CH 3 from Ethanol.

The properties of SAMs derived from I d exposure of freshly

evaporated silver to ethanolic solutions (1 mM in total thiol

concentration) containing mixtures of two alkanethiols of

different chain lengths terminating in different tail groups

are given in Figures 3 and 4. For comparisons, data obtained

for SAMs on gold prepared under similar experimental conditions

are displayed as dotted lines in these figures. In both the

Sh = CH 3/Lg = CH 2OH and Sh = CH 2OH/Lg = CH 3 systems, the

wettability of SAMs on silver and gold derived from solutions

containing the two components ranges between the values obtained

on the pure monolayers.37 The SAMs on the two metals formed under

similar conditions exhibit differences in wettability and surface

composition. The surface compositions of the SAMs formed on

silver are closer to the composition of the solution than are the

SAMs formed on gold.

In Figure 5, we compare the wetting properties of mixed SAMs on

silver and gold. The differences in the wettabilities of SAMs

formed on gold and silver from common solutions (Figures 3 and 4)

appear to reflect directly the differences in their surface

compositions. The data from SAMs on silver and gold are



Figure 3. Monolayers on silver prepared by 1 day exposure to

ethanolic solutions containing mixtures of HS(CH2 )10CH3 and

HS(CH2 )21CH20H (Sh = CH3/Lg = CH2OH). Solid and open symbols

represent advancing and receding contact angles (Oa and Or),

respectively; circles and squares represent water and hexadecane,

respectively. The solid lines are provided as guides to the eye.

The dotted lines represent data obtained under similar conditions

with SAMs on gold5 and are provided for comparison. The right-hand

axis in the lower panel shows the equivalent chain length, n, of a

pure monolayer derived from adsorption of CnH2n+ISH on silver that

would yield the same ratio of C(ls)/Ag(3d); data on gold are

scaled to the right-hand axis in a similar manner from XPS

attenuation and ellipsometry data on mixed SAMs. The dashed line

in the lower panel represents the adsorption profile expected if

the surface composition equalled the solution composition (RSAM =

Rsoln).
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Figure 4. Monolayers on silver prepared by 1 day exposure to

ethanolic solutions containing mixtures of HS(CH2)1OCH2 OH anc

HS (CH2 ) 2 1 CH3 (Sh = CH2 OH/Lg = CH3 ) .Data are presented as in

Figure 3.
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Figure 5. Wetting properties of monolayers on silver derived

from mixtures of HS(CH 2)10 CH3 and HS(CH2 )21CH20H (Sh = CH3/Lg =

CH2OH) and of HS(CH2 )10CH20H and HS(CH2 )21CH3 (Sh = CH2OH/Lg = CH3)•

The surface compositions of the monolayers were estimated by XPS

(see text). Larger and smaller points represent data obtained

after exposure to solution for 1 d and 1 wk, respectively. Solid

and open symbols represent advancing and receding contact angles

(Oa and Or), respectively; circles and squares represent water and

hexadecane, respectively. The solid lines are provided as guides

to the eye; dotted lines represent data obtained on SAMs on gold
5

and are provided for comparison.
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remarkably similar for corresponding values of surface composition

(Figure 5).

With continued exposure to a solution containing a mixture of

the two thiols, the wetting properties and the compositions of the

resulting SAMs change. In the Sh = CH3/Lg = CH2OH system, the

monolayers become more hydrophilic; in the Sh = CH2OH/Lg = CH3

system, they become more hydrophobic. XPS data confirm that the

composition of the monolayers have changed; the surface

compositions increase in the longer component (see Figure 6).

Similar effects have been observed on gold.4,5 As with SAMs on

gold, the relation between wettability and surface composition is

essentially independent of the length of exposure to the

contacting solution. This observation indicates that wetting is

insensitive to the (we presume small) changes taking place in the

structure and composition of the SAM.

SAMs on Silver Derived from Different Length

Alkanethiols Terminating in Common Functional Groups:

Sh = CH 3 /Lg = CH 3 and Sh = CH 2 OH/Lg = CH 2OH from Ethanol.

The properties of SAMs derived from exposure of silver films to

ethanolic solutions containing different length alkanethiols

terminating in the same tail group for I d (1 mM in total thiol

concentration) are given in Figures 7 and 8. The data were

obtained under experimental conditions similar to those reported

previously on gold; the data obtained on gold are displayed as

dotted lines in these figures. The wetting properties of the

Sh = CH3/Lg = CH3 monolayers by hexadecane, and of the

Sh = CH20H/Lg = CH20H monolayers by water, cannot be described by



14

12I"

1O
Cl)

8>
0 L AgA

4 A CH2 OH CH3  E
mOA CH CH3  A

n 2 ' .r CH2OH CH2OH e a
CH3  CH2OH *

1 10 100
Time (d)

Figure 6. Ratio of two different length alkanethiols (C11 and

C22) required in ethanolic solutions to obtain SAMs of equimolar

surface concentration on silver and gold as a function of length

of exposure to contacting solution. The total conentration of

thiols in each experiment was 1 mM. Data on gold were taken from

ref 5. Lines are provided as guides to the eye. Sh and Lg refer

to the tail groups of the thiols used in the adsorption:

HS (CH2) 10 Sh and HS (CH2 ) 21Lg.



Figure 7. Monolayers on silver prepared by 1 day exposure to

ethanolic solutions containing mixtures of HS(CH2)1 0C.H3 and

HS(CH 2 )2 1CH 3 (Sh = CH 3/Lg = CH 3) . Data are presented using the

conventions in Figure 3.
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Figure 8. Monolayers on silver prepared by 1 day exposure to

ethanolic solutions containing mixtures of HS(CH2 ) 1 0 CH2 0H and

H-S (CH2 ) 2 1 CH2 0H (Sh = CH2 OH/Lg = CH2OH) .Data are presented using

the conventions in Figure 3.
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arithmetic sums of the interfacial energetics of the tail groups

(eq 2 and 3). These deviations require that appreciable

disordering of the hydrocarbon chains occurs at the

monolayer/liquid interface.

Figure 9 relates the wetting properties of the SAMs formed on

silver to their surface compositions. The wetting of the mixed

SAMs on silver and gold are similar, for similar surface

compositions (% LgSAM) . With continued exposure to the contacting

solutions, the composition of these SAMs increase in the longer

component (Figure 6); the relation between wettability and surface

composition, however, does not change (Figure 9).

Comparison of the Exchange of Metal Thiolates on Silver

and Gold with Thiols in Solution. In the four systems of

mixed SAMs studied on silver and gold, the surface compositions

differed from the solution compositions and were slightly

different on the two metals -- SAMs on silver being closer to the

composition of the solution. On both metals, the longer component

is preferred in the SAMs and its surface concentration increases

with continued exposure to the solution (Figure 6). We examined

qualitatively the relative rates of exchange on the two metals to

determine whether the differences in surface compositions on the

two metals could be due to exchange processes.

We prepared pure SAMs of HS(CH2 )110H and HS(CH2 )11 CH3 on silver

and gold. We immersed the SAMs in 1 mM ethanolic solutions of

HS(CH2 )11CH3 and HS(CH 2 )110HI, respectively, and measured their

wettability by water after various intervals of exposure (Figure

10) . The wetting properties of the SAMs change and can be related



Figure 9. Wetting properties of monolayers on silver derived

f rom mixtures of HS (CH2 ) I0 CH3 and HS (CH2 ) 2 1 CH3 (Sh = CH3 /L-g - CR3)

and of HS (CH2 ) 1 0 CH2 0H and HS (CH2 ) 2 1 CH2 0H (Sh =CH2 OH/Lg = CH2OH).

Data are presented using the conventions in Figure 5.
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Figure 10. Exchange of metal-thiolates (M-S(CH2 )11 X) with thiols

(HS(CH2 )11Y) in solution; M = Ag, Au; X # Y = CH 3 , OH. Pure SAMs

derived from HS(CH 2 )1 1X were assembled on silver and gold (circles

and squares, respectively) and immersed in 1 mM ethanolic

solL _ions containing HS(CH2 )IIY. The samples were removed from

solution and the advancing and receding contact angles of water

(filled and open symbols) measured. The daLd are plotted on a

scale logarithmic in cos 0 to demonstrate that the exchange

process does not follow first-order kinetics. The lines are

provided as guides to the eye.
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to the replacement of surface thiolates: the wettability of SAMs

on silver and gold prepared from mixtures of HS(CH2 )110H and

HS(CH2)llCH3 by water is linearly related to the surface

composition (eq 2).14 The rate of replacement of thiolates of

one tail group with thiols of another on the two metals is

approximately the same. The exchange does not follow first-order

kinetics.

On both metals, the replacement of hydroxyl-terminated

alkanethiolates by methyl-terminated alkanethiols is slightly

faster than that of methyl-terminated alkanethiolates by hydroxyl-

terminated alkanethiols on both metals (Figure 10).38 Competitive

adsorption experiments of these two alkanethiols for the surfaces

of -ilver and gold from ethanol also show a preference on the

surface for the methyl-terminated thiol.14 We do not presently

have a mechanistic model that explains these preferences in

detail, but we note that the methyl-terminated surfaces have lower

free energies than those terminated by CH2OH, and are more stable.

Discussion

Comparison of Properties of Mixed SAMs on Silver and

Gold. The SAMs formed on silver and gold are similar but not

identical in their wetting properties. Are any of the differences

due to differences in the structures of the SA;s? Are the

structures of the mixed SAMs -- especially the in-plane

distribution of components -- different for the same values of

RSAM?
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The most pronounced difference on silver and gold is the surface

composition of SAMs formed on the two metals under similar

conditions (Figures 3, 4, 7 and 8). In brief, although both

systems appear not to be at thermodynamic equilibrium, SAMs on

silver appear to be more kinetically determined than those on gold

(or, put the other way, SAMs on gold are closer to thermodynamic

equilibrium than those on silver). The compositions of the SAMs

on silver are closer to the composition of the solution from which

they were formed than those on gold. When formed from mixtures of

long and short thiols, both SAMs on gold and silver contain a

higher concentration of the longer component than does the

contacting solution. At equilibrium, SAMs containing the longer

component would be expected to be the more stable. On both

metals, the content of the longer component increases with

continued exposure to solution. The SAMs on gold continue to have

a higher concentration of the longer component than silver as the

time for equilibration with the solution increases (Figure 6).

The differences in composition of SAMs on the two metals must

reflect processes occurring during their formation. 39 The amount

of exchange (Figure 10) that can occur during exposure to a 1 mM

ethanolic solution for 1 d (-20 %) is too small to account for the

observed compositions of the surface if the initially formed SAM

had the composition of the solution. Essentially complete SAMs

form from 1 mM solutions in seconds. 16 The factors that affect the

composition of the SAM are, therefore, probably important only

during the assembly of the monolayer. One possibility is that the
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sticking coefficient of the longer alkanethiols on the metals is

higher than for shorter thiols.

The chemistry of formation of alkyl thiolates on the two metal

surfaces is different. Gold does not form an oxide and its

reaction with alkyl thiols, though still not completely

understood, probably involves oxidative addition of the thiol to

gold and subsequent loss of the hydrogen as H2 or H20.40 In

contrast, silver oxidizes readily. All of the silver films we

have used have thin surface films of oxide before exposure to the

solution of alkanethiols, and it is this oxidized surface that

reacts with thiols. The resulting SAMs on silver contain no (or

very little) silver oxide. 6 The oxide must be removed during

formation of the SAMs either by reduction or displacement by the

thiols. The different chemistries that occur on the metal/metal

oxide surfaces and not the different structures formed on the two

metals are probably responsible for the different surface

compositions that result on the two metal surfaces.

Relation Between Wettability and the Structure and

Composition of the SAM. The different tilted structures that

single-component alkyl thiolate SAMs form on gold and silver are

primarily a result of differences in the inter-thiolate distances

that are preferred on the metal surfaces. 28 The cross-sectional

area of a polymethylene chain is 18.4 A2 .41 On Au(lll) (the

predominate crystallographic orientation of our polycrystalline

samples), alkanethiols adsorb and form a commensurate (Nr-xr)R30

overlayer lattice.22-24 The inter-thiolate distance on Au(lll)

(5.0 A) results in an area per chain (21.4 A2) that is greater than
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the cross-sectional area of a polymethylene chain by -15%. As a

result, the axis of the hydrocarbon chain tilts ~30* from the

surface normal to maximize van der Waals contact between the

chains. 28 The spacing of n-alkyl thiolate SAMs formed on Ag(111)

(the predominate crystallographic orientation of our

polycrystalline samples) 6 has not yet been determined. Analogous

adsorbates on Ag(lll) -- H2S
4 2 and CH 3SSCH3

43 
-- adopt higher

packing densities of thiolates than the (4 Yx4Y)R300 structure

formed on Au(lll) .44,45 As a result, the hydrocarbon chains should

require less tilting on silver than on gold to bring the

polymethylene chains into van der Waals contact. By IR and other

methods, the axis of the hydrocarbon chains on silver have been

found to tilt only ~13' from the surface normal. 6-9  On both

silver and gold, the structure of the metal-thiolate lattice in

single-component SAMs and in the mixed SAMs studied here should be

the same; the structure of the hydrocarbon region of the SAM near

the metal surface should be similar to those of pure SAMs.

Figures 5 and 9 illustrate that the relation between wetting and

the composition of the four sets of mixed SAMs studied on silver

are extremely similar to those formed on gold (AO : 100). In view

of the differences that exist in structure between SAMs on silver

and gold (and possibly also in the morphology of the supports),

this similarity is remarkable. The wetting properties of the SAMs

appear to be determined primarily by the interfacial composition

of the SAMs. Differences in the details of the structure of the

types provided by SAMs on silver and gold do not have a

significant influence on wetting.
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Experimental

Materials. The alkanethiols were available from previous

studies.4,14 Abs EtOH (U.S. Industries), Ag wire (Aldrich;

99.99+%), W and Cr-coated W filaments (R. D. Mathis Co.),

prepurified Ar (Med-tech; 99.998%, <5 ppm 02), and dodecanethiol

(Aldrich) were used as received. Si(100) wafers (100 mm, Silicon

Sense) were cut into 1 x 3 mm slides, rinsed with abs EtOH, and

blown dry before use. Contacting solutions (1 mM total thiol

concentration) were prepared from N2 purged abs EtOH.

Preparation of Monolayers. The silver substrates were

prepared in a diffusion-pumped thermal evaporator (base pressure =

10-6 torr). Cr (100 A) and Ag (-1000 A) were evaporated

individually from resistively heated tungsten filaments onto pre-

cut slides of Si(100) . Immediately following evaporation, the

chamber was backfilled with pre-purified Ar. Slides were

transferred to solution under a flow of Ar and were deposited into

the various solutions in no set order. The backfill of the

chamber and the transfer of slides to all solutions (2 slides per

solution) in a run could be accomplished within 7 min after the

conclusion of evaporation. Slides were exposed to the ethanolic

solutions for 1 d or I wk, removed from solution, washed with EtOH

and blown dry prior to analysis.

Wetting. Advancing and receding contact angles of water and

hexadecane were measured on static drops that had been applied or

removed at a constant flow rate (-I L/s) using a Matrix

Technologies Electro-pipette. The contact angles were measured
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using a Ram6-Hart goniometer; the pipet tip was not removed from

the drop. Each SAM was characterized with at least thre, drops of

liquid and the contact angles were measured on both sides of the

drop. Data presented for 1 day exposure are the average of two

sets of these 6 measurements.

X-ray Photoelectron Spectroscopy (XPS). XPS spectra were

collected on a Surface Science X-l00 XPS spectrometer with a

monochromatized Al Ka source, concentric hemispherical analyzer,

and multichannel detector. The spectra were accumulated at a pass

energy of 100 eV, a spot size of 1000 gm, and took <10 min per

slide. X-ray-induced damage under these conditions is negligible.

The spectra were fit using 80% Gaussian peaks.

XPS was used to measure the thickness of the mixed SAMs (eq 8).

Values of C(ls)/Ag(3d) were typically within <5 % for SAMs derived

from n-alkanethiols of a common chain length. SAMs exposed to an

adsorbate, for 1 wk exhibited values of C(ls)/Ag(3d) that were -10

% greater than those obtained after 1-day exposure. 46 In Figures

3, 4, 7, and 8, we set the values of C(ls)/Ag(3d) obtained for the

two pure SAMs in a particular experiment to their respective

thicknesses expected from eq 9. Endpoint values from both 1-day

and 1-wk exposures were within one unit of n of those given in

Figure 2. We believe the method used here to determine

thicknesses should be applicable to other systems. We recommend

use of an XPS peak for the underlying substrate that has a kinetic

energy similar to that of the overlayer as the relation (eq 8)

between thickness and ln(overlayer/underlayer) approximates
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linearity at lower values of thickness the closer the values of X1

and X2 are.

Exchange of Metal Thiolates with Alkanethiols in

Solution. SAMs derived from HS(CH2)llX (X = OH, CH3) on silver

and gold were prepared via 1 day exposure to 1 mM ethanolic

solutions as previously described.6 14 The slides were removed

from solution, characterized by wetting and immersed into fresh 1

mM ethanolic solut-ons of HS(CH2 )IIY (Y = CH3, OH; X * Y) bearing

the other tail group. The slides were periodically removed from

solution, characterized by wetting, and reimmersed into the

solution. The data presented in Figure 10 are from two

independent experiments.
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Figure Captions

Figure 1. Schematic illustration of an n-alkanethiolate

monolayer adsorbed on silver.

Figure 2. Relation between XPS intensities of C(is) and Ag(3d),

and thicknesses for n-alkanethiolate monolayers on silver. Values

of C(ls)/Ag(3d) are a function of instrumental parameters; trends

are important here. The dashed line displays the theoretical

relation given in eq 8 using K = 1.75. The thicknesses of the

hydrocarbon layer of the monolayers were estimated using eq 9.

The solid line represents a linear least-squares fit to the data

presented in the figure (R2 = 0.994) for monolayers prepared from

CnH2n+lSH (n = 11 - 22).

Figure 3. Monolayers on silver prepared by 1 day exposure to

ethanolic solutions containing mixtures of HS(CH 2)10 CH3 and

HS(CH2 )21CH 20H (Sh = CH3/Lg = CH2OH). Solid and open symbols

represent advancing and receding contact angles (Oa and Or),

respectively; circles and squares represent water and hexadecane,

respectively. The solid lines are provided as guides to the eye.

The dotted lines represent data obtained under similar conditions

with SAMs on gold 5 and are provided for comparison. The right-hand

axis in the lower panel shows the equivalent chain length, n, of a

pure monolayer derived from adsorption of CnH2n+lSH on silver that

would yield the same ratio of C(ls)/Ag(3d); data on gold are

scaled to the right-hand axis ii! a similar manner from XPS
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attenuation and ellipsometry data on mixed SAMs. The dashed line

in the lower panel represents the adsorption profile expected if

the surface composition equalled the solution composition (RSAM =

Rsoln).

Figure 4. Monolayers on silver prepared by 1 day exposure to

ethanolic solutions containing mixtures of HS(CH 2 )10CH20H and

HS(CH2 )2 1CH 3 (Sh = CH2OH/Lg = CH 3 ). Data are presented as in

Figure 3.

Figure 5. Wetting properties of monolayers on silver derived

from mixtures of HS(CH2 )10CH3 and HS(CH 2 )2 1CH20H (Sh = CH3/Lg =

CH2OH) and of HS(CH2 )10CH20H and HS(CH2 )21CH3 (Sh = CH2OH/Lg = CH3).

The surface compositions of the monolayers were estimated by XPS

(see text). Larger and smaller points represent data obtained

after exposure to solution for 1 d and 1 wk, respectively. Solid

and open symbols represent advancing and receding contact angles

(Oa and Or), respectively; circles and squares represent water and

hexadecane, respectively. The solid lines are provided as guides

to the eye; dotted lines represent data obtained on SAMs on gold5

and are provided for comparison.

Fiqure 6. Ratio nf two different length alkanethiols (Cil and

C22 ) required in ethanolic solutions to obtain SAMs of equimolar

surface concentration on silver and gold as a function of length

of exposure to contacting solution. The total conentration of

thiols in each experiment was I mM. Data on gold were taken from
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ref 5. Lines are provided as guides to the eye. Sh and Lg refer

to the tail groups of the thiols used in the adsorption:

HS(CH2 )IoSh and HS(CH2 )21Lg.

Figure 7. Monolayers on silver prepared by 1 day exposure to

ethanolic solutions containing mixtures of HS(CH2 )IoCH 3 and

HS(CH 2)21CH3 (Sh = CH3/Lg = CH3) . Data are presented using the

conventions in Figure 3.

Figure 8. Monolayers on silver prepared by 1 day exposure to

ethanolic solutions containing mixtures of HS(CH2 ),oCH 20H and

HS(CH2 )21CH20H (Sh = CH2OH/Lg = CH2OH) . Data are presented using

the conventions in Figure 3.

Figure 9. Wetting properties of monolayers on silver derived

from mixtures of HS(CH 2)IoCH 3 and HS(CH2 )21CH3 (Sh = CH 3/Lg = CH3 )

and of HS(CH2)IoCH2OH and HS(CH2 )21CH20H (Sh = CH2OH/Lg = CH20H).

Data are presented using the conventions in Figure 5.

Figure 10. Exchange of metal-thiolates (M-S(CH2 )11 X) with thiols

(HS(CH2)11Y) in solution; M = Ag, Au; X * Y = CH3, OH. Pure SAMs

derived from HS(CH 2 )11 X were assembled on silver and gold (circles

and squares, respectively) and immersed in 1 mM ethanolic

solutions containing HS(CH 2 )1 IY. The samples were removed from

solution and the advancing and receding contact angles of water

(filled and open symbols) measured. The data are plotted on a

scale logarithmic in cos 0 to demonstrate that the exchange
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process does not follow first-order kinetics. The lines are

provided as guides to the eye.
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